Abstract Aims/hypothesis: Prolactin regulatory element binding (PREB) protein has been identified as a factor that regulates prolactin promoter activity in rat anterior pituitary. PREB is located not only in the anterior pituitary but also in pancreas; however its role in the pancreas is not known. We therefore examined the role of PREB in insulin gene expression. Materials and methods: To analyse the effects of PREB on insulin gene transcription, we employed the luciferase reporter gene assay and electrophoretic mobility shift assay (EMSA). In cells expressing or knocked down for PREB, insulin expression and secretion were determined. Results: PREB was located mainly in nuclei of rat pancreatic beta cells and its cell line, INS-1. A nuclear extract of INS-1 cells contained material that was recognised by PREB antiserum. This nuclear extract also showed insulin promoter binding activity that was super-shifted by PREB antiserum in EMSA studies. In the INS-1 cells, co-expression of PREB and the insulin promoter induced activity of the latter. The addition of glucose to the cells increased PREB expression. Deletional analysis of the insulin promoter showed that A3, a glucose-responsive cis-element in the insulin promoter, mediated the transcriptional effect of PREB. In addition, synthesised PREB bound the A3 element by EMSA, while a mutant of this motif in the insulin promoter abrogated the effect of PREB. Cells expressing or knocked down for PREB exhibited increased or decreased insulin expression, respectively. Conclusions/interpretation: These results demonstrate that PREB may contribute to the regulation of insulin gene transcription and insulin secretion in response to glucose stimulation.
Introduction
In pituitary lactotropic cells, prolactin is produced in a celltype-specific fashion. This selective expression arises from the actions of a pituitary-specific transcription factor (PIT1) that regulates expression of the gene encoding prolactin in these cells [1, 2] . The PIT1 binding motif of the gene encoding prolactin was used to screen a rat pituitary cell line library [3] leading to the isolation of a cDNA that encoded prolactin regulatory element binding (PREB) protein. PREB binds to and activates the prolactin promoter but it can also mediate the actions of protein kinase A on the promoter [3] . The predicted amino acid sequence of PREB protein revealed the presence of three regions of high similarity to the WD-repeat consensus, and two potential trans-regulatory PQ-rich regions. Thus PREB belongs to the eukaryotic family of WD-repeat proteins. The highly conserved WD-repeats within PREB exhibit sequence similarity to a subset of this family comprised of proteins that act as gene regulators. PREB transcripts were detected not only in the pituitary, but also in heart, skeletal muscle and pancreas, with a high level of expression in the latter tissue [3] . However, the role of PREB in pancreas is unknown.
The insulin gene is expressed exclusively in pancreatic islet beta cells. This cell-specific expression is controlled by cis-acting elements residing within −340 to −91 of the insulin gene and by the interaction of these motifs with cellular factors [4] . Site directed mutagenesis of the promoter showed that the A3 (−201 to −196), C1 (−115 to −107), and E1 (−100 to −91) elements are essential for efficient expression of the insulin gene in beta cells [5] [6] [7] [8] . Under physiological conditions, insulin gene transcription is controlled by the glucose concentration through a mechanism that regulates the activity of both C1 and A3 cis-acting elements [4] . The A3 element contributes to both beta-cell-selective [6, 7, 9] and glucose-regulated transcription [9, 10] of the insulin gene.
The beta-cell-enriched homeodomain factor or pancreatic and duodenal homeobox protein 1 (PDX1) controls A3-element-directed transcription [7, 9, 11] . Previous studies showed that PDX1 bound to and trans-activated the insulin gene and it may be involved in the glucoseregulated transcription of the insulin gene, but other factors may also contribute to the actions of this site [9] . In this report, we examined the transcriptional effect of PREB on the pancreas-specific gene, insulin. We found that PREB bound to the insulin promoter at the site that also bound PDX1 and regulated insulin gene activity in response to glucose. These results suggest that PREB may play a role in glucose control of insulin gene transcription.
Materials and methods

Cell culture
The INS-1 cells originated from a rat insulinoma cell line (gift from C. B. Wollheim, University Medical Center, Geneva, Switzerland). We isolated pancreatic islets from adult Wister rats as described previously [12] . The protocol employed in this experiment was reviewed and approved by the Kagawa University Institutional Animal Care and Use Committee. COS-7 cells (American Type Culture Collection, Manassas, VA, USA) and MIN6 cells (gift from M. Miyazaki, Osaka University) were grown in DMEM supplemented with 10% FBS.
Northern blot analysis
Total RNA was extracted from the cells. A full-length cDNA of rat PREB was labelled with [ 32 P]dCTP (9.2 MBq) by the random priming method (Takara, Tokyo, Japan). Blots were also probed with rat β-actin gene to assess equal loading of samples [13] . After autoradiography at room temperature for 24 h, hybridisa- Fig. 1 Expression of PREB and effect of PREB on insulin promoter activity. a Presence of Preb mRNA in rat pancreatic islets (Islet), INS-1, MIN6 and COS-7 cells was examined by northern blot analysis of 2 μg polyA RNA from these cells, with β-actin used as a control for equal RNA loading. b PREB protein expression. Nuclear extract from the cells was extracted and subjected to western blot analysis. Abundance of basal transcriptional factor (TFIID) served as a control. c Effect of PREB on insulin promoter activity: dishes (60 mm) of INS-1 cells were co-transfected with 1 μg of −238 WT-LUC plus the indicated amounts of PREB expression vector. All assays were corrected for β-galactosidase activity and equal total amounts of protein per reaction were employed. The results are expressed as relative luciferase activity relative to that of control cells arbitrarily set at 100. Each data point shows the mean and SE (n=3) of separate transfections. **p<0.01 tion signals were detected using a Bioimaging Analyzer (BAS 1000; Fuji Photo Film, Tokyo, Japan).
Electrophoretic mobility shift assay
Nuclear extracts from the cells that had been treated with various glucose concentrations for 24 h were prepared according to a technique described previously [14] . We used a synthetic DNA duplex spanning A3 (5′-CCTCT TAAGACTCTAATTACCCT-3′), mutant A3 probe (mt-A3) (p) (5′-CCTCTTAAGACTCGACTTACCCT-3′), mt-A3 (pm) (5′-CCTCTTAAGCACCTAATTACCCT-3′), mt-A3 (cm) (5′-CCTAGGAAGACTCTAATTACCCT-3′), 1P (-66 TGCCT GATTATATATATATTCATGAAGGTGTCGAA-32) (Nihon Bioservice, Asagiri, Japan). Sequences were radiolabelled at the 5′-end by incubating each strand separately with [γ[ 32 P]-ATP and polynucleotic kinase prior to annealing. All reactions were incubated at room temperature for 20 min and then separated on a native 6% polyacrylamide gel.
Western blot analysis
Cells were washed, scraped in PBS and lysed as described previously [15] . The membranes were incubated for 1 h at 4°C with 0.2% Tween 20 in PBS containing anti-PREB antiserum (diluted 1:250) as described previously [3] . Antibody binding was visualised using a chemiluminescence detection kit (ECL; Amersham Pharmacia Biotech, Buckinghamshire, UK). In vitro transcription and translation The pcDNA3.1 (+) vector carrying PREB cDNA or vector only was transcribed in vitro with T7 RNA polymerase (Gibco-BRL, Tokyo, Japan) according to the manufacturer's instructions. The RNA product was translated with a rabbit reticulocyte lysate system (Promega, San Luis Obispo, CA, USA).
Transfection of INS-1 cells and luciferase reporter gene assay
The reporter gene used in our studies was kindly provided by R. Stein (Vanderbilt University Medical Center, Nashville, TN, USA). Wild-type (−238 WT LUC) contains the gene encoding rat insulin II sequences spanning the region from −238 to +2 linked to the luciferase reporter gene [16] . The constructs, mutant types (−238 mA3-LUC, −238 mC1-LUC, −238 mE1-LUC) lacking the consensus sequence A3, C1 and E1, respectively, were generated as described previously [17] . Site-directed mutagenesis of the A3 element within the first 238 bp of the rat II insulin gene promoter was performed according to the manufacture's instruction (Stratagene, La Jolla, CA, USA). In brief, the PREB core sequence of the consensus motif was disrupted by altering three base pairs (5′-ACT to 5′-CAC) in the A3 element derived from the parent construct −238 WT-LUC. Purified reporter plasmid was transfected into the cells using a conventional cationic liposome transfection method (Life Technologies, Gaithersburg, MD, USA). All assays were corrected for β-galactosidase activity; total amounts of protein per reaction were identical [14] .
Stable transfection
The PREB expression vector was transfected into the cultured INS-1 cells by the conventional cationic liposome transfection method as described previously [18] . The transfected cells were selected by adding G418 to the media, and clones showing high PREB production were identified using western blot analysis. To determine cellular insulin content, INS-1 cells were incubated for 24 h with fresh culture medium and then rinsed in PBS and lysed in 0.1 N HCl in 100% ethanol at 4°C. The lysate was stored overnight at −80°C. The thawed lysate was vortexed and subjected to brief centrifugation at 10,000 ×g. The resulting supernatant was diluted for measurement of insulin. The levels of immunoreactive insulin were quantified using a commercially available sandwich-type ELISA (Shibayagi, Tokyo, Japan).
Transfection of siRNA
The siRNAs were designed to target the following cDNA sequences: scrambled, 5′-CCGTTCTGTACAGGGAGT ACT-3′; and Preb siRNA, 5′-AATGGCGTGCACTTTCT GCAG-3′ [3] . Transfection of Preb siRNA was performed using siPORT Amine (Ambion, Austin, TX, USA). Insulin mRNA expression was examined using northern blot analysis 3 days after transfection. Statistical analysis Statistical comparisons were made by one-way analysis of variance and Student's t-test, with p<0.05 considered significant.
Results
Presence of the PREB transcript in the rat pancreatic islet and rat insulinoma cell line, INS-1
We examined PREB expression in rat pancreatic islets, the insulinoma cell lines, INS-1, MIN6, and COS-7. Results showed the presence of Preb mRNA of the predicted size [3] in rat pancreatic islet, INS-1 and MIN6, but as expected not in COS-7 cells (Fig. 1a) . To further extend our previous finding that PREB is located in the nuclei of the cells [3] , we isolated nuclear extract from rat pancreatic islets, INS-1, MIN6 and COS-7 cells. The results of these studies showed the presence of a major protein band of approximately 45 kDa that matched the expected size of PREB protein (Fig. 1b) , but there was no evidence of PREB in the cytosol of these cells (data not shown).
Effects of PREB on the rat insulin promoter in INS-1 cells
To determine whether PREB affected transcriptional activity of the insulin promoter in INS-1 cells we used the −238 WT LUC construct comprised of the full-length rat insulin II promoter co-transfected into INS-1 cells with varying amounts of PREB expression vector. Results in Fig. 1c show that the presence of PREB induced up to a fourfold increase of insulin promoter activity, this induction being dependent on the amount of PREB. Next we examined the ability of PREB to regulate insulin gene transcription. To do this, we used COS-7 cells because western blot analysis of this cell line yielded undetectable endogenous levels of PREB (Fig. 1a) . Exogenous PREB induced up to a threefold increase of insulin promoter activity in COS-7 cells (data not shown).
Glucose stimulates accumulation of PREB protein in the nuclei of pancreatic islets Since glucose is the most important regulator of insulin gene expression in pancreatic beta cells, we examined the effect of this metabolic regulator on PREB accumulation in rat pancreatic islets. Western blots probed with a PREB antiserum showed that the abundance of PREB protein increased in response to glucose (Fig. 2) in a dosedependent manner. In contrast, the basal transcriptional factor TFIID was not affected by glucose concentration.
PREB interacts with the A3 cis-acting element of insulin promoter
To further examine whether the stimulating effect of glucose is mediated by PREB, three constructs containing a mutation of the glucose-response elements were created. The −238 A3m LUC (A3 deletion), −238 C1m LUC (C1 deletion), and −238 E1m LUC (E1 deletion) were derived from the parent construct −238 WT LUC by deleting these glucose-response motifs. The co-transfection of these reporter genes with PREB expression vector into INS-1 cells showed that PREB had no effect on the A3-deleted insulin promoter, but it still had an effect on C1 and E1 deletional mutants (Fig. 2c-e) . These findings suggest that the A3 element is required for the actions of PREB on insulin promoter activity.
Next we examined whether the action of PREB affected the binding activity of nuclear proteins that interacted with the A3 cis-element. PREB binds directly to site 1P of the prolactin promoter [3] . We used electrophoretic mobility shift assay (EMSA) competition analysis of PREB binding to the 1P site in the presence of a 50-or 200-fold molar excess of unlabelled A3 competitor DNA. Results (Fig. 3a) show that nuclear extract from INS-1 cells bound to 1P [3] . The addition of excess A3 DNA competed for PREB binding to the radiolabelled 1P probe. Since several nuclear proteins are known to bind the A3 motif, we employed the super shift assay with a specific antiserum against PREB. Our results (Fig. 3b,c) show that the protein-DNA complex was shifted by the addition of anti-PREB antiserum but not by pre-immune serum or antiserum against PDX1 (Fig. 3c) . To determine whether the binding activity in the INS-1 extract to the A3 motif was indeed due to PREB, we synthesised the protein using in vitro transcription/translation, and used EMSA to assess whether the in vitro synthesised PREB could bind radiolabelled A3 motif. We found that PREB expressed using in vitro transcription/translation bound the A3 element, and that excess unlabelled A3 DNA inhibited formation of the retarded complex (Fig. 3d) . In brief, these results demonstrate that PREB can bind to the A3 motif of the insulin promoter and this cis-acting element may be involved in the regulation of the insulin promoter.
PREB exhibits DNA sequence-specific binding to insulin promoter element A3
To further define the cis-acting motif in the A3 cis-element that mediates the effect of PREB, we searched the promoter for known PREB response elements spanning the −213 to −192 fragment. Our search revealed one trinucleotide motif (ACT, Fig. 4a ) corresponding to the deduced PREB core binding element (PCBE) of the prolactin gene [3] . To investigate whether the ACT motif is required for the effect of PREB on the insulin promoter, we synthesised several DNA fragments (mt-A3 [p], mt-A3 [pm], mt-A3 [cm]) for use as EMSA probes. Results (Fig. 4b) show that the mutation of this ACT sequence (mt-A3 [pm]) decreased PREB binding, but other mutations did not. Next we created a construct, −238 pm LUC, that contained a mutated putative PCBE (5′-ACT to 5′-CAC). Studies (Fig. 4c) showed that co-transfection of PREB does not stimulate the activity of the −238 pm LUC construct, but it does stimulate activity of the wild-type −238 WT LUC. These observations suggest that the putative PCBE in the A3 cis-element is required for the stimulatory action of PREB on the insulin promoter.
Effect of PREB on insulin synthesis and secretion
To examine the role of PREB on insulin synthesis, we established stable transfected INS-1 cells that expressed PREB. Several stably transfected clones containing PREB were isolated (data not shown). In the PREB-producing clones (P-1, P-2, P-3), insulin content (Fig. 5a ) and mRNA (Fig. 5b) was significantly higher than in clones carrying pcDNA3 (C-1, C-2, C-3). Both mock and PREB-transfected cells were exposed to varying concentrations of glucose. In the PREB-transfected cells, insulin secretion was higher at all concentrations of glucose than in mocktransfected cells (Fig. 5c) . As expected, the secretion of insulin following glucose stimulation also increased from mock-transfected cells. Seventy-two hours after transfection, the abundance of insulin/β-actin mRNA levels was measured using northern blot analysis. The ratio of insulin mRNA to β-actin mRNA is shown as percentage of control. Each data point shows the mean±SE (n=3) of separate experiments. Numbers in parentheses: glucose concentration (mmol/l). *p<0.01, **p<0.005)
To further demonstrate whether increased insulin gene activity was affected by glucose-induction of PREB expression, we used siRNA to block PREB-expression. The expression of PREB was inhibited by Preb siRNAtreatment but not by a scrambled siRNA-treatment (Fig. 5d) . INS-1 cells were exposed to PREB-specific or control siRNA and then treated with varying concentrations of glucose. As shown in Fig. 5e , insulin gene expression was increased in cells exposed to control siRNA following stimulation with 11.2 mmol/l glucose. In contrast, glucose induction of insulin expression was significantly suppressed in cells treated with Preb siRNA at low or high glucose concentrations. These findings may be consistent with the idea that glucose induction of insulin gene activity requires PREB.
Discussion
The PREB protein was recently isolated from a rat pituitary cDNA library, and shown to transactivate prolactin promoter activity [3] . Preb mRNA transcripts were present not only in pituitary, but a strong signal was also present in the pancreas. These findings led us to examine the potential role of PREB in pancreatic cell function. In this study, our results show PREB to be a transcription factor that was capable of enhancing insulin promoter activity and appeared to mediate insulin gene expression in response to glucose stimulation. A number of our observations suggested that PREB may play a role as a pancreatic cell transcription factor. First, antiserum raised against recombinant PREB detected a major protein that localised to the nucleus of pancreatic islets, MIN6, and INS-1 cells (Fig. 1) . Secondly, Preb mRNA was expressed in pancreatic islets, MIN6, and INS-1 cells (Fig. 1) . Thirdly, super-shift analysis of PREB motif binding activity confirmed its presence in the nuclear extract and localised the protein to the nucleus of the INS-1 cells. Together these data strongly suggest that the protein recognised by the PREB antibody present in the nuclear extract of INS-1 cells is endogenous PREB, and that it is also a nuclear protein present in pancreatic beta cells.
The pituitary-specific transcription factor, PIT1, regulates expression of growth hormone, thyroid stimulating hormone, and also prolactin in the anterior pituitary [19] . PIT1 can stimulate activity of the prolactin promoter via binding to the 1P motif [20] . PREB protein is encoded by a 1.9-kb transcript, which was shown to bind directly to site 1P of the prolactin promoter, rather than to a motif that is separate from that of the PIT1 site [4] . Analysis of the primary sequence of PREB revealed that it is a novel protein distinct from that of PIT1. PREB protein contained three motifs (WD I, WD II and WD III) possessing a significant degree of homology to the WD repeat consensus, thus suggesting that PREB was a member of the WD-repeat protein family [21] . The highly conserved WD-repeats within PREB exhibit sequence similarity to a subset of this family, consisting of proteins shown to act as gene regulators [21] . PREB effects transcriptional regulation in a manner quite different from other members of the WD-repeat protein family, because PREB can stimulate gene expression via direct binding to DNA [3] . Our results show that PREB can bind to the A3 DNA element of the insulin promoter and enhance insulin promoter activity not only in INS-1 insulinoma cells but also in non-pancreatic COS-7 cells.
The potential mechanism(s) of PREB action were examined by studying the promoter of the insulin gene. This promoter contains several cis-acting regulatory elements located within the 5′-flanking region. Important transcriptional regulatory elements are present in the promoter regions of the insulin gene, two of the more important being the A3 and C1 elements [5] [6] [7] [8] . A3 in the rat insulin promoter binds to PDX1, a homeodomain protein found in rat pancreatic islet cells. PDX1 transactivates the insulin gene in response to glucose [11, 22] . Our findings show that PREB also binds specifically to the A3 element. EMSA analysis of PREB interaction with A3 or A3 mutants (Fig. 4b) implied that at least a portion of the PREB-binding site overlaps with that for PDX1 [11, 22] . As with PDX1, increasing concentrations of glucose also increased PREB activity. This observation suggests the possibility that PREB and PDX1 may co-occupy the A3 element, which would represent an opportunity for PREB and PDX1 to act in a complementary fashion on activity of the insulin promoter. The homeodomain protein PDX1 is known to interact with several transcription factors at the A3 element. For example, PDX1 regulation of insulin gene transcription involves interactions with the basic helixloop-helix protein E47/Pan1, BETA2/NeuroD1, and highmobility group protein I (Y) [23] . Although our results point to a possible cooperative role for PDX1 and PREB, further study will be necessary to determine whether this is physiologically significant in insulin gene transcription, possibly via interaction with other transcription vectors such as PDX1.
It is well known that glucose increases the concentration of both cAMP and Ca 2+ in pancreatic beta cells [24, 25] . These changes trigger insulin secretion and synthesis in pancreatic beta cells [26] . The subsequent rise in intracellular concentrations of cAMP enhances glucose-mediated insulin secretion via protein kinase A (PKA)-dependent and independent pathways [27, 28] . We previously reported that PREB can mediate PKA stimulation of the prolactin promoter activity [3] suggesting a role for this protein in cAMP-mediated transcriptional responses. In this study, we showed that INS-1 cells stably producing PREB exhibit increased insulin secretion compared to mock-transfected cells. A possible model for this type of cellular role for PREB may involve the activation of PREB via PKA-mediated phosphorylation. Although it is not yet known whether PREB can serve as a PKA substrate either in vitro or in vivo, the predicted sequence of this protein does contain a number of motifs that resemble PKA phosphorylation consensus sites [29] . Further studies will be needed to determine the specific regulatory mechanisms that enable PREB to regulate insulin gene transcription.
In summary, we have demonstrated that PREB can function as a transcriptional regulator of insulin promoter activity. PREB, like PDX1, binds to the glucose response element A3 of the insulin promoter, and cells expressing PREB increase insulin secretion. Further investigations will be needed to shed more light on a possible physiological role for PREB in pancreatic beta cells, both in glucose metabolism and in insulin gene expression.
